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Abstract
Cotton crops generate millions of tons of lignocellulosic waste in Brazil that could be used in energy generation;
however, the main destination of this raw material is soil incorporation. The aim of this work was to perform an
energetic characterization and evaluation of briquettes produced from different agricultural waste of naturally colored
cotton for power generation. The cultivars Brasil Sementes (BRS) Jade and Topazio were studied, with white cotton
(BRS 286) as standard for comparison purposes. Two different parts of each species, stalk and cotton shell, were
analyzed by bulk density, proximate analysis, higher heating value, cellulose, hemicellulose, protein, fat and lignin
content, thermogravimetric analysis, and briquette mechanical strength. The results of the energetic characterization
indicated a higher energetic potential of the colored species when compared with the white cotton, especially
because of the volatile matter content, fixed carbon, and higher heating value. The briquette mechanical strength
was higher in the samples formulated by a mixture of stalk and shell. Finally, it was concluded that the waste from
colored cotton cultivars, Jade and Topazio, is capable to generate briquettes with good mechanical and physico-
chemical characteristics, especially those formed by the mixture of stalk and shell.
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Introduction
Various agro-industrial wastes have been assessed due to their
energetic potential for power generation, once that they have
energy value and produced in large quantities (Nikhilesh et al.
2018; Shone and Jothi 2016). However, these materials are
usually discharged into the environment without an appropri-
ate use. In particular, the cotton crop waste must be highlight-
ed: after the lint harvest, the residue is buried into the ground
to avoid pests, although this practice has a high energy de-
mand and often degrades the soil structure (Coates 2000). This
practice causes impacts on the soil due to the use of tractor,
causing erosion and, over time, it can compact a layer of soil
that makes the cotton cultivation unfeasible (Bianchini 2004).
Currently, Brazil is the world’s fifth largest producer of
cotton; in the 2015/2016 period, the country had a harvest of
approximately 1.3 Mt (CONAB 2017). In addition, it is in-
cluded in this total the colored cotton species developed by
EMBRAPA Algodão, which are produced in smaller amount
than the conventional white cotton. Even though its produc-
tion is growing and consistent, since they do not use dyes,
these products have a high relevance for the textile industry,
since they generate a significant reduction in the consumption
of water, energy, and toxic chemicals used to manufacture a
textile with good quality fibers. Therefore, naturally colored
cotton fibers are ecologically correct, economical, and bene-
ficial to human health when compared with the conventional
white fibers, and due to these advantages, they have been
favored and increasingly used in textile production (Zhu
et al. 2006). However, the increase in the production of cotton
fibers promotes the generation of agricultural waste.
The white cotton crop waste production is 2.9 times higher
than the production of lint (Jenkins and Sumner 1986). The
amount of crop waste produced for the colored cotton is lower
than white cotton, being estimated as approximately 2 times
more waste than lint.
The cotton crop waste has low density, so their direct use in
energy generation becomes impracticable. However, it is im-
portant to assess the energy potential of this agricultural waste,
since large volumes are produced. Away to enable the use of
low-density biomasses is by applying a densification process,
producing pellets or briquettes that create a homogeneous fuel
with high energy density (Moreno et al. 2016). When the
lignocellulosic agricultural waste is submitted to certain con-
ditions of pressure and temperature during the briquette pro-
duction, they can contribute significantly in the generation of
energy (Oliveira et al. 2017). Some studies report the energy
potential of white cotton waste in the combustion process (Ji-
Lu et al. 2008; Madhu et al. 2016; Ali et al. 2015); however,
no study regarding colored cotton waste was evidenced in the
literature.
Therefore, this study aims the energetic characterization
and evaluation of briquettes produced with raw-colored cotton
and white cotton cultivars harvested in Northeast of Brazil for
power generation.
Materials and methods
Biomass preparation
The biomass were collected during the second semester of
2017, in the experimental field of the Paraíba State
Agricultural Research Company (EMEPA), located at Lagoa
Seca (07° 10′ 15″ S; 35° 51′ 13″ W. Gr., elevation of 634 m),
Paraíba, Brazil. The studied cultivars were two natural colored
BRS type (Brazil Sementes), called Jade and Topazio, and a
sample of conventional white cotton, called Branco BRS 286
as standard for comparison purposes. Two different parts of
each cultivar, stalk and shell (Fig. 1), and a mixture 1:1 ratio
between them were analyzed. The samples were dried in an
industrial oven with air circulation at 100 °C, then grinding at
a Willey mill, using a mesh of 5 mm. Nine samples, contain-
ing 0.5 kg of biomass each, were prepared and named as
follow: B_ST, B_SH, B_1:1, T_ST, T_SH, T_1:1, J_ST,
J_SH, J_1:1. From left to right, the first letter is referring to
their species, the second and third letter are associated to dif-
ferent parts (ST-stalk and SH-shell) of the cotton plant, and,
last, the numbers indicate the proportions used as show on
description in Table 1.
Biomass characterization
The dry-based biomass samples have their moisture content
fixed to 8% by controlled addition of moisture using a spray
containing distilled water and storing during 24 h in a sealed
plastic bag for better moisture homogenization. The samples
were characterized according to ASTM E1755-01 (2015) and
E872-82 (2013) for determination of ash and volatile matter,
respectively; considering a moisture content of 8%, the fixed
carbon was calculated by the difference, fixed carbon = 100–
8% − ash % − volatile %. The bulk density was determined
according to the ASTM E873-82 (2006) and the higher
heating value (HHV) was performed by the calorimeter bomb,
using a Parr calorimetric pump and 10 cm of nickel-chromium
fuse wire with a calorie-value of 2.3 cal/cm, following the
ASTM E711-87 (1996). The cellulose and hemicellulose con-
tent were determined by the difference between acid detergent
(ADF) and neutral detergent (NDF), according to the method-
ology of Van Soest and Wine (1967). The lignin content was
determined directly by the Klason method (Van Soest and
Wine 1967). The protein content has been determined through
the AOAC 990.03 (1989) International method, using an ele-
mentary nitrogen/protein analyzer, Flash Model 2000 from
Thermo Scientific. The quantification of fat content was per-
formed according to the Goldfish method, using hexane
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(solvent) to extract the apolar fraction of the biomass. The
removal of the solvent was carried out by evaporation, with
subsequent gravimetric evaluation of the apolar compounds
extracted mass. The thermogravimetric analyses were carried
out in N2 and air using 10 mg of biomass, in 70-μl alumina
crucibles, heated at a rate of 10 °C/min from room temperature
up to 900 °C, in a thermogravimetric balance Q 500 from TA
Instruments.
Briquettes production
Preliminary tests, with the biomass moisture varying between
0, 8, 10, and 12% confirmed that 8% is the most suitable
moisture content for producing briquettes with no fissures.
The briquettes were produced in a hydraulic briquette machine
of O&C from Brazil-Automation Hydraulics, using a cylinder
mold of 45 mm diameter and 280 mm length, subjected to a
pressure of 150 bar at 120 °C during 5 min. For each sample, a
total of six briquettes containing 30 g each were produced.
Figure 1 shows the cotton stalk and shell biomass as received,
ground biomass, particle size < 5 mm, and the briquette
produced.
The briquette density was determined experimentally, mea-
suring its mass and divided by its volume calculated based on
the length and diameter. The mechanical strength of each bri-
quette was determined according to the standard NBR 7215-
ABNT (1996) and NBR 5739-ABNT (1994), using a standard
test machine AG-I 100 KN from SHIMADZU. The compres-
sion load was applied lengthwise over each briquette in order
to have the maximum strength supported by it in the breaking
point. Three briquettes of each sample were tested, using a test
speed of 0.3 mm/min.
Results and discussion
The biomasses moisture content was controlled to 8%.
Moisture is a factor of great importance for the briquette man-
ufacture, since it acts as a bonding agent between the particles,
exerting Van der Waals forces between them (Moreno et al.
2016). When the moisture content is high, the briquettes have
less durability, once that they are more susceptible to abrasion.
Residues with high moisture content can have a weak ignition
and reduce the combustion quality (Moreno et al. 2016;
Hellwig 1985). The compositional analysis results of the stud-
ied biomasses are presented in Table 2.
According to Table 2, the stalk samples presented similar
results of volatile, ash and fixed carbon content. The samewas
observed for the shell cotton samples. However, it was noticed
that the stalk had a lower ash content, higher volatile, and
fixed carbon content. High levels of volatile and fixed carbon
promote the HHV, since they are chemical energy stored in the
biomass (Mckendry 2002).
The stalk and shell cotton samples presented typical ligno-
cellulosic composition (Table 2), varying between 34 and
38% of cellulose, 23 and 30% of hemicellulose, and 12 and
16% of lignin. Results were similar to other lignocellulosic
biomasses, such as oat and wheat straw (Adapa et al. 2009).
It is possible to infer that hemicellulose and lignin values were
higher in the stalk samples. Regarding the cellulose content, it
Fig. 1 Cotton stalk and shell,
ground biomass, and briquette
produced
Table 1 Samples description
Samples Cultivars Composition (%)
Stalk Shell
B_ST BRS Branco 286 100 0
B_SH BRS Branco 286 0 100
B_1:1 BRS Branco 286 50 50
T_ST BRS Topazio 100 0
T_SH BRS Topazio 0 100
T_1:1 BRS Topazio 50 50
J_ST BRS Jade 100 0
J_SH BRS Jade 0 100
J_1:1 BRS Jade 50 50
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was observed that it is slightly higher in the shell samples;
however, there were no significant difference between parts.
The protein and fat content determination is important due
to its influence as natural binder in the briquetting process,
once that in the presence of heat and mechanical pressure, it
can create links between the biomass particles, increasing the
briquette compressive strength (Moreno et al. 2016).
According to results from Table 2, the protein contents of
the shell and stalk were between 2.2 and 5.5%, and smallest
protein content was observed in the stalk and shell of Topazio
samples. The fat content (Table 2) of the biomasses varied
from 0.37 to 1.33%, being the most pronounced presence
associated to the cotton stalk.
Thermogravimetric analysis (TGA) results of the samples
are presented in Fig. 2, with three significant mass loss events.
For the pyrolysis curves, the first event between 35 and
150 °C resulted in a mass loss between 4.5 and 12% and
was associated to moisture release.
The second event is a characteristic of hemicellulose and
cellulose decomposition, being responsible for most of the
volatile matter content. The samples B_ST, T_ST, and T_SH
presented the greatest mass loss, Δm = 59.5%, Δm = 54.5%,
and Δm = 54%, respectively, being the smallest mass loss in
this event associated to the sample B_SH, Δm = 48.1%. The
last event occurred in a wide range of temperature, between
100 and 900 °C, indicating the lignin degradation; however, it
becomes more evident in certain temperature ranges, especial-
ly close to 400 °C. Essentially, it is possible to observe that the
thermal behaviors of colored species are similar to the white
cotton. The results were similar to others lignocellulosic bio-
masses, such as banana leaves and stem (Maia et al. 2017) and
pineapple crown leaves (Braga et al. 2015).
The values associated to the thermal decomposition of cel-
lulose, hemicellulose, and lignin (second and third event), as
shown in Fig. 2, are in accordance with the results of the
constituents present in Table 2. The contents of volatile, ash,
and fixed carbon presented in Table 2 also corroborate with
these results. According to Yang et al. (2007), the different
thermal behaviors observed in each sample can be attributed
to the structure and chemical nature of cellulose, hemicellu-
lose, and lignin. Also, this author stated that the thermal de-
composition of hemicellulose and cellulose occurs from 220
to 315 °C and 315 to 400 °C, respectively.
The combustion curves (Fig. 2) show three distinct
mass loss events. The first event referent to moisture loss
is similar to pyrolysis curves. The second, between 160
and 350 °C, is associated to lignocellulosic structure de-
composition. The third event, related to the char combus-
tion, occurs between 405 and 485 °C with a mass loss
ranging from 12.0 to 14.8% for the stalk samples and
between 360 and 480 °C along with a mass loss between
27.0 and 29.6% for the shell samples. The higher mass
loss for the shell can be explained by its ash content that
ranges from 10 to 12% in comparison to the ash content
of the stalk samples that ranges its content from 4.0 to
5.7%.
The results of bulk density and HHVof the biomass pow-
der, and briquette density are presented in Table 3. It is possi-
ble to observe that Jade and Topazio samples have higher
heating value when compared with the white cotton. The
HHVof the biomass indicates the chemical energy present in
it, which is converted into thermal energy. This is the most
important property of a fuel, since it determines its energy
value (Erol et al. 2010).
According to Table 3, the briquette density has in-
creased in relation to the bulk density for the powdered
biomass. According to Moreno et al. (2016), densification
reduces the costs of transport, handling, and storage. It is
also observed that briquette densities were influenced by
inorganic mineral content of biomasses, presenting the
highest values to the ones with high ash content, and con-
sequently, these showed the lowest HHV values. This ten-
dency is also confirmed in samples formulated by the mix-
tures of stalk and shell. The ash content has no flammable
properties and may reduce the energetic potential of the
biomass for power generation (Avelar et al. 2016).
Table 2 Chemical composition
of pure biomass samples Characterization Biomass samples
B_ST T_ST J_ST B_SH T_SH J_SH
Ash (%) 4.0 ± 0.05 5.7 ± 0.04 5.0 ± 0.08 12.0 ± 0.07 10.0 ± 0.08 11.4 ± 0.07
Volatile (%) 74.8 ± 0.03 74.1 ± 0.02 75.5 ± 0.20 70.0 ± 0.50 70.8 ± 0.03 71.0 ± 0.08
Fixed carbon (%) 13.2 ± 0.07 12.2 ± 0.03 11.5 ± 0.50 10.0 ± 0.04 11.2 ± 0.06 9.6 ± 0.30
Cellulose (%) 34.2 ± 0.04 33.8 ± 0.09 34.5 ± 0.04 36.5 ± 0.06 37.2 ± 0.09 38.0 ± 0.50
Hemicellulose (%) 26.7 ± 0.05 25.1 ± 0.06 29.8 ± 0.09 24.3 ± 0.03 23.1 ± 0.03 23.0 ± 0.04
Lignin (%) 16.5 ± 0.06 16.3 ± 0.08 14.5 ± 0.06 14.2 ± 0.06 13.0 ± 0.20 12.5 ± 0.09
Protein (%) 5.2 ± 0.07 3.0 ± 0.04 5.5 ± 0.06 5.0 ± 0.08 2.5 ± 0.04 2.2 ± 0.09
Fats (%) 0.75 ± 0.02 1.33 ± 0.05 0.54 ± 0.03 0.40 ± 0,1 0.38 ± 0.4 0.37 ± 0.02
Environ Sci Pollut Res
The results of the briquette density are in accordance with
the technical specifications required by the European standard
for solid biofuels in briquette form (CEN/TS 14961 2005).
The briquette density is a very important parameter to
determine variables related to the transport of a certain amount
of energy (Gomes et al. 1997). Also, the compressive strength
to quality control of this product should be considered. The
compressive strength results from Fig. 3 do not show a
Fig. 2 Pyrolysis and combustion thermogravimetric curves (TG/DTG) of white and colored cotton samples
Table 3 Bulk density, density,
and calorific strength of pure
samples and mixtures
Biomass Bulk density (g/cm3) Briquette density (g/cm3) HHV (MJ/kg)
B_ST 0.32 ± 0.03 1.12 ± 0.4 16.7 ± 0.03
T_ST 0.38 ± 0.06 1.20 ± 0.7 19.0 ± 0.07
J_ST 0.31 ± 0.07 1.12 ± 0.3 17.2 ± 0.06
B_SH 0.38 ± 0.06 1.14 ± 0.3 16.5 ± 0.05
T_SH 0.39 ± 0.05 1.28 ± 0.6 17.0 ± 0.05
J_SH 0.40 ± 0.06 1.27 ± 0.6 17.0 ± 0.04
B_1:1 0.35 ± 0.05 1.22 ± 0.2 16.6 ± 0.05
T_1:1 0.38 ± 0.04 1.27 ± 0.2 18.0 ± 0.05
J_1:1 0.34 ± 0.04 1.22 ± 0.4 17.1 ± 0.07
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significant difference between parts of the Jade and white
cotton species. However, a considerable increase of 20 and
23% in the compressive strength from the mixtures of those
were observed, respectively.
The most suitable briquette for commercial purposes must
have the ideal combination between mechanical resistance
and HHV (Oliveira et al. 2017). The mechanical resistance
is related to the adhesion forces between the biomass particles
(Pietsch 2002). In this study, it was observed that briquettes
produced with a mixture ratio of 1:1 (stalk and shell) have
presented the highest protein content (B_1:1 > J_1:1 >
T_1:1), showing the highest compressive strength values.
Stability to mechanical shocks is an important viability factor
for the briquette transport and commercialization (Oliveira
et al. 2017).
Conclusion
The energetic characterization carried out with the Jade,
Topazio, and white cotton crop waste indicated that they had
a significant energy potential to be used as an alternative en-
ergy source, once that they presented considerable values of
HHV, fixed carbon, and volatile matter content. The values
related to density and mechanical resistances of the briquettes
were greater for the biomasses mixture. These results confirm
that compressive strength increasing is attributed to
compositional characteristics of each part used in the briquette
production, and a positive correlation was found between the
protein content and mechanical strength. The use of cotton
crop waste mix for briquette production besides improving
the characteristics of the product can promote economic ad-
vantages, reducing the separation cost.
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